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Triacylglycerols are transported in the plasma as lipoprotein complexes, mainly in the form of chylomicrons derived from dietary lipids or as VLD lipoproteins* derived principally from the liver, but t o a lesser extent from intestinal lymph (Ockner et al., 
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Control of hepatic VL D-lipoprotein triacylglycerol production
Hepatic triacylglycerol fatty acids are the immediate precursors of triacylglycerols present in VLD lipoproteins (Have1 et al., 1962). In turn, hepatic triacylglycerols arise either from plasma free fatty acids or from long-chain fatty acids synthesized within the liver. The presence of triacylglycerols, phospholipids, cholesteryl esters, free cholesterol as well as specific apoproteins in VLD lipoproteins shows that many major metabolic pathways are involved in VLD-lipoprotein formation. There are therefore numerous potential control points in the metabolic pathways leading t o the formation of VLD lipoproteins, which could regulate their production. The processes involved in the formation and secretion of VLD lipoproteins by the liver have been reviewed (Mayes, * Abbreviation : VLD lipoproteins, very-low-density lipoproteins ( p < 1 .006g/cm3; pre-
1975).
filipopro teins).
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Enhancement of VLD-lipoprotein triacylglycerol secretion by the liver seems to result from increased synthesis of triacylglycerol in a small precursor pool, which is located in the smooth endoplasmic reticulum. When labelled free fatty acids are taken up by the liver, this small (microsomal) pool contains triacylglycerol of high specific radioactivity compared with the floating fat (lipid droplets) fraction (Stein & Shapiro, 1959; Have1 et al., 1962; Baker & Schotz, 1967) . In perfused livers, the specific radioactivity of VLDlipoprotein triacylglycerol fatty acids was 70 %of the specific radioactivity of the free fatty acids, but the specific radioactivity of the liver triacylglycerol fatty acids (i.e. mainly floating fat) was only 10 % (Topping & Mayes, 1972) . These results demonstrated that the VLD-lipoprotein triacylglycerol precursor (i.e. the microsomal) pool must be related more closely to the precursor free fatty acid pool than to the larger pool of floating fat (Fig. 1) . Bar-On et al. (1971) have shown that lipolysis of the floating fat was followed by reesterscation in the microsomal fraction.
Effect of free fatty acids on VLD lipoprotein secretion
The metabolism of 14C-labelled free fatty acid (oleate) was compared at three concentrations of plasma free fatty acids in perfused livers from fed and starved rats (Mayes & Felts, 1966 Mayes, 1970) . Triacylglycerol secretion increased as the concentration of the free fatty acids was raised. There was a reciprocal relationship between the esterscation of free fatty acids and their oxidation to CO, and ketone bodies. At any given concentration of free fatty acids, the livers from fed rats oxidized less, esterified more and exported more of the free fatty acid influx as VLD lipoproteins than did the livers from starved rats. In livers from fed rats at low concentrations of free fatty acids most of the intake into the liver was esterified and exported as triacylglycerol in VLD lipoproteins. However, as the free fatty acid concentration was raised, the fractional oxidation increased and the fractional esterscation decreased, although total esterification increased. A different pattern of esterification was found in livers from starved rats, where a constant proportion of the free fatty acid influx was oxidized and esterified irrespective of the magnitude of the influx of fatty acids.
The mechanisms controlling the balance between oxidation and esterification are not well understood. The availability of sn-glycerol 3-phosphate has been regarded as a major factor controlling esterscation. However, it was pointed out (Mayes & Felts, 1967a; Mayes, 1970) that, although the results from livers from fed rats could be attributed to greater availability of sn-glycerol3-phosphate, the pattern of esterification and oxidation in the livers from starved rats could not, as these livers could maintain the same fractional esterification in the presence of an increasing flux of free fatty acids. McGarry et at. (1973) have shown that (+)-decanoylcarnitine, an inhibitor of carnitinepalmitoyltransferase, prevents oxidation of long-chain fatty acids in perfused livers from starved rats, causing virtually all the fatty acids to be esterified, demonstrating that livers from starved rats have a normal capacity for esterification. These authors suggested that fatty acid oxidation is controlled at the carnitine palmitoyltransferase step. However, evidence has not been produced to show this step as being normally rate-limiting. VavreEka et al. (1969) showed that starvation caused a decrease in the activity of acylCoA-glycerol phosphate acyltransferase. However, there is no information as to whether this enzyme is normally rate-limiting.
Effects of pOz and redox state
When whole blood is perfused through the isolated liver the pOz may be decreased from 13.3kPa (100mmHg) to approx. 9.3kPa (70mmHg) without any change in O2 consumption (Mayes & Felts, 1976 (1971) and Mayes & Felts(1976) .
These results indicate that changes in pOz of the blood passing through the liver in vivo may affect the output of triacylglycerol from the liver. It was suggested that the increased [NADH]/[NAD+] ratio would cause inactivation of pyruvate dehydrogenase, thus
VOl. 4 facilitating a switch from carbohydrate to fatty acid oxidation, which would be accompanied by decreased esterification of fatty acids. A shift in the [NADH]/[NAD+] ratio may, by similar reasoning, account for the shift in balance from esterification to oxidation in livers from starved animals compared with livers from fed animals, and for the shift observed when increasing quantities of fatty acids are infused into livers from fed rats. Perfusion of livers with whole blood containing carboxyhaemoglobin decreased O2 consumption and triacylglycerol secretion and increased free fatty acid oxidation (Topping, 1975) .
Effects of lipogenesis
In the starved state, hapatic lipogenesis from carbohydrate via acetyl-CoA is decreased and free fatty acids are the major source of triacylglycerol fatty acids in VLD lipoproteins.
Windmueller & Spaeth (1967) showed that in perfused livers from fed rats, release of triacylglycerol was highly correlated with the rate of fatty acid synthesis. However, as the concentration of free fatty acids is raised, lipogenesis is progressively inhibited and the contribution of newly synthesized fatty acids to VLD-lipoprotein triacylglycerol falls (Mayes & Topping, 1974) .
Type of fatty acid
The type of longchain fatty acid metabolized by the liver has a considerable bearing on the rate of formation and composition of the VLD lipoproteins formed. Kohout et al. (1971) showed that the output of triacylglycerol from the perfused liver decreased with the degree of unsaturation of CI8 fatty acids, but increased with the carbon chain length. Heimberg & Wilcox (1972) demonstrated that VLD lipoproteins formed from oleate were larger and contained less cholesterol and phospholipid per molecule of triacylglycerol than VLD lipoproteins formed from palmitate. These findings may have a bearing on plasma triacylglycerol concentrations, since larger lipoproteins of density <1 .006g/cm3 are cleared from the circulation faster than smaller lipoproteins in the same density range.
Effects of fructose
The type of carbohydrate present influences the rate of hepatic triacylglycerol secretion. Thus fructose infusion immediately enhances triacylglycerol secretion by the perfused liver (Topping & Mayes, 1972) , and feeding the liver donors a high sucrose diet leads to adaptive changes which further enhance the immediate effect of the added fructose (Gardner & Mayes, 1974) . The presence of fructose causes more esterification and less oxidation of plasma free fatty acids and enhances their incorporation into VLD-lipoprotein triacylglycerol.
Effects of hormones on VLD lipoprotein secretion
Release of triacylglycerol from perfused livers from alloxan-diabetic rats is inhibited (Heimberg et al., 1965) . When livers from fed rats were perfused with blood containing elevated concentrations of insulin the secretion of VLD-lipoportein triacylglycerol was enhanced, the oxidation of free fatty acids was decreased and their esterification was increased (Topping & Mayes, 1972) . Glucagon has opposite effects to insulin. Van  Harken et al. (1969) and Heimberg et al. (1969) found that glucagon and dibutyryl cyclic AMP, when added to the perfused liver, increased the oxidation of exogenous free fatty acids and decreased conversion into VLD-lipoprotein triacylglycerol. It was suggested (Topping & Mayes, 1972 ) that glucagon acts by increasing the concentration of hepatic cyclic AMP, insulin having the reverse effect. In turn, cyclic AMP activates a hormonesensitive lipase acting on the small precursor pool of VLD-lipoprotein triacylglycerol (Fig. 1) . Not only would this account for the decrease in export of triacylglycerol from the liver, but it would account for the decreased net esterification and increased oxidation of both endogenously and exogenously derived fatty acids. It has been shown that insulin antagonizes the anti-lipogenic effect of serum free fatty acids and enhances the export of newly synthesized fatty acids in VLD lipoproteins (Topping & Mayes, 1976) . Other hormones reported to have an effect on hepatic triacylglycerol secretion include a stimulation (Klausner & Heimberg, 1967) or permissive action (Kirk et al., 1975) of glucocorticoids . Watkins et al. (1972) has shown that perfused livers from female rats have a greater output than livers from male rats, indicating that the sex hormones also influence production of VLD lipoproteins.
Reaction of the liver with lipoprotein triacylglycerol
Although there has been little dispute about the major role of lipoprotein lipase in facilitating uptake of lipoprotein triacylglycerol fatty acids into extrahepatic tissues (Robinson & Harris, 1959) , the role of the liver in triacylglycerol removal has been controversial.
Earlier results, where labelled chylomicron triacylglycerols were injected intravenously,
showed that 15-25 % of the radioactivity was present in the liver after 10-15 min (French & Morris, 1958; Bragdon & Gordon, 1958) . When the liver was perfused with heparinized blood there was a substantial uptake and oxidation of triacylglycerol fatty acids (Morris, 1963) . However, heparin causes the activation and release of hepatic lipoprotein lipase. When it was omitted from the perfusate there was negligible uptake or oxidation of either chylomicron triacylglycerol (Felts & Mayes, 1965) or of VLD-lipoprotein triacylglycerol (Mayes & Felts, 19676) . Chylomicrons trapped in the liver in vivo could be washed out as intact unhydrolysed particles (Felts, 1965) , demonstrating that at least some of the uptake in vivo was due to trapping in the extracellular space of Disse. Belfrage (1966) and Schotz et al. (1966) suggested that the triacylglycerol trapped in the extracellular spaces was hydrolysed, liberating free fatty acids. However, consequent experiments in which substantial amounts of chylomicrons were trapped in the space of Disse of the perfused liver showed that 0.7% or less was oxidized in 90 min (Mayes, 1969 (Mayes, ,1970 . Felts & Berry (1971) showed that isolated hepatocytes, incubated with chylomicrons in the presence of serum, oxidized less than 0.6 % of chylomicron triacylglycerol fatty acids. Evidence therefore suggests that triacylglycerols in chylomicrons or VLD lipoproteins do not react readily with the liver, but must first react with lipoprotein lipase in extrahepatic tissues before their constituent fatty acids can be taken up by the liver. Redgrave (1970) has shown, using functionally hepatectomized animals, that after chylomicrons have reacted with lipoprotein lipase, which removes about 90% of their triacylglycerol, 'remnant' particles, still containing predominantly triacylglycerol, but enriched in cholesteryl esters, accumulate in the circulation. When injected into intact rats 50% of the triacylglycerol, compared with 20% for chylomicrons, is found in the liver in 10 min. Experiments with the perfused liver have shown that remnants are removed from the perfusate (Noel et ul., 1975) . Remnants IabeIIed in the triacylglycerol fatty acids are removed from the perfusate and oxidized to COr and converted into phospholipids, indicating extensive metabolism of remnant triacylglycerol by the liver (Gardner & Mayes, 1976 
